Mitochondrial diseases are frequently caused by heteroplasmic mitochondrial DNA (mtDNA) mutations. As these mutations express themselves only at high relative ratios, any approach able to manipulate mtDNA heteroplasmy can potentially be curative. In this study, we developed a system to manipulate mtDNA heteroplasmy in all skeletal muscles from neonate mice. We selected muscle because it is one of the most clinically affected tissues in mitochondrial disorders. A mitochondria-targeted restriction endonuclease (mito-ApaLI) expressed from AAV9 particles was delivered either by intraperitoneal or intravenous injection in neonate mice harboring two mtDNA haplotypes, only one of which was susceptible to ApaLI digestion. A single injection was able to elicit a predictable and marked change in mtDNA heteroplasmy in all striated muscles analyzed, including heart. No health problems or reduction in mtDNA levels were observed in treated mice, suggesting that this approach could have clinical applications for mitochondrial myopathies.
INTRODUCTION
Optimal expression of genes encoded by mitochondrial DNA (mtDNA) is required for the biogenesis of the oxidative phosphorylation system (OXPHOS), impairment of which is central to the etiology of most mitochondrial disorders. Heteroplasmic mtDNA mutations cause a variety of mitochondrial disorders, which can become clinically apparent during infancy 1,2 and generally include cardiovascular, skeletal muscle or neurological manifestations. Among the genetic therapies being considered as strategies for the treatment of such disorders, manipulating mtDNA heteroplasmy to reduce mutation loads has been a goal of our group and others for a number of years.
Cells contain hundred of copies of mtDNA for every copy of the nuclear genome. High heteroplasmic mtDNA mutation loads, generally above 80%, are required to trigger OXPHOS defects in specific tissues. 3, 4 Reducing mutation loads below these threshold levels, can restore OXPHOS function, and a complete clearance of mutant mtDNA is unnecessary. For this reason, endonucleasemediated heteroplasmy shift is an attractive strategy for genetic therapy. In situations where a heteroplasmic mtDNA mutation results in a unique restriction site, targeting the appropriate restriction enzyme (RE) to mitochondria causes a heteroplasmy shift by reducing the proportion of mutated mtDNA with the restriction site. We have demonstrated this mechanism in a number of model systems. 5, 6 SmaI, targeted to mitochondria of cells harboring the T8399G NARP/LHON mutation drastically reduced the mutated mtDNA, followed by repopulation by the wild-type mtDNA and restoration of normal intracellular ATP levels and mitochondrial membrane potential. 7, 8 In vivo work has shown the efficacy of the system in mouse models when viral vectors carrying the recombinant RE were administered focally to the muscle and brain 6 or to target specific organs, such as the liver (with adenovirus) or heart (with AAV6). 9, 10 However, manipulation of mtDNA heteroplasmy in all skeletal muscles in the body remained elusive.
The prevalence of mitochondrial disease in the pediatric population has been difficult to determine but is believed to be similar to that seen in the adult population. 11 We decided therefore to test whether we could accomplish endonucleasemediated heteroplasmy shift in all skeletal muscles at early ages using a well-characterized heteroplasmic mouse model containing two polymorphic mtDNA sequence variants, NZB and BALB/c. 12 In these mice, both mtDNA haplotypes behave as neutral variants except that with age there is an increase in the percentage of NZB mtDNA in the liver and slight reduction in the spleen. 10,13 --15 NZB mtDNA levels in cardiac and skeletal muscle do not change with age. The BALB/c mtDNA variant harbors a unique ApaLI site that is not present in the NZB variant. Our goal was to deliver the recombinant RE to all muscles in the body after a single injection. To accomplish this, we produced recombinant AAV9 carrying the mito-RE, ApaLI, and delivered the virus via intraperitoneal (IP) or temporal vein (TV) injection in neonates. Our studies were based on previous reports that robust transduction in the skeletal muscle could be achieved in mice after delivery of AAV9 vectors by systemic injection. 16, 17 
RESULTS
Mito-ApaLI-HA expressed from AAV9 vectors is targeted to mitochondria Cultured mouse hepatocytes were infected with 1000 viral genomes (vg) per cell of rAAV9[mito-ApaLI-HA] and analyzed 10 days post-transduction by immunocytochemistry. Cells transduced with rAAV9[mito-ApaLI-HA] showed HA expression that co-localized with the mitochondrial dye Mito Tracker Red CMXRos (Supplementary Figure S1 ). AAV9[mito-ApaLI-HA] efficiently transduces neonatal mouse muscle Initially, we administered 5 Â 10 11 vgs/mouse IP at P2-P3. The expression of rAAV9[mito-ApaLI-HA] and a control vector expressing alkaline phosphatase, AAV9[AP], were analyzed at 6, 12 and 24 weeks post-injection. We also tested the efficacy of TV injection with 5 Â 10 11 vg per mouse at P2-P3. Animals were also killed at the same time points.
TV injection of AAV9[AP], resulted in increased AP activity in skeletal and cardiac muscle, as illustrated in tibialis anterior, heart and extensor digitorum longus after 6 weeks ( Figure 1a ) and after 12 and 24 weeks (data not shown). Only a few cells were stained in liver and no activity was observed in the spleen, lung, brain or kidney (data not shown). The same pattern of expression was observed after IP injection with AAV9[AP] at 6, 12 and 24 weeks post-injection ( Figure 1b ). Likewise, after IP-injection, high expression of AAV9[mito-ApaLI-HA] was observed by western blotting in all skeletal and cardiac muscles analyzed, including: gastrocnemius, quadriceps, soleus, heart, tibialis anterior ( Figure 2 ), and extensor digitorum longus (data not shown), with only a weak signal in liver and no detectable expression in the spleen, brain, lung or kidney, at 6 weeks ( Figure 2 ), 12 and 24 weeks postinjection (Supplementary Figure S2a ). Transgene expression of AAV9[mito-ApaLI-HA] in muscle was also confirmed after IP injection by immunocytochemistry staining (Figure 1c ). TV injection also proved to be an efficient way to deliver the transgene to all muscles as HA-expression was also observed by western blotting in skeletal and cardiac muscle after 6 weeks (Supplementary Figure S2b ).
Systemic delivery of AAV9[mito-ApaLI-HA] induces shifts in mtDNA heteroplasmy
Changes in the relative levels of NZB and BALB/c mtDNA were evaluated using ApaLI restriction fragment polymorphism in tissue samples taken at 6, 12 and 24 weeks post-injection ( Figures 3 and  4 ). As shown graphically in Figure 3 (gel images in Supplementary Figure S3 ), a significant increase was observed in the percentage of NZB mtDNA in all skeletal and cardiac tissues analyzed in mice injected with AAV9[mito-ApaLI-HA], when compared with the percentage of NZB mtDNA present in tail samples from the same mice before injection. A significant increase in the levels of NZB mtDNA was also observed in liver. No change in the percentage of NZB mtDNA was seen in other organs. Likewise, no changes in heteroplasmy levels were observed in mice injected with AAV9[AP] at any time point (Figures 3 and 4 ). Long-term transduction at 24 weeks post-delivery of AAV9[mito-ApaLI-HA] showed lower changes in NZB levels compared with those recorded at 6 weeks or 12 weeks post-delivery of the transgene (Figures 3 and 4 ). expression induced undesirable mtDNA depletion. The levels of mtDNA were quantified using amplicons of the mtDNA ND1 gene and the nuclear coded actin ( Figure 5 ). The results showed no change in the levels of mtDNA at any time point analyzed. Similar results were observed when GAPDH was used as a normalization control (data not shown). Figure 3 . Increased percentage of NZB mtDNA was observed in all the skeletal muscles and heart when compared with before injection samples from tails. Again, no change in the percentage of NZB mtDNA was observed in the spleen, kidney, lung or brain, with a potential small shift in liver. Each bar corresponds to a different tissue from a single mouse.
DISCUSSION
Restriction endonuclease as a tool for gene therapy Individuals affected with mitochondrial diseases commonly harbor heteroplasmic mtDNA mutations. Heteroplasmic mtDNA mutations can both be inherited from asymptomatic maternal carriers or result from spontaneous mutation and asymmetries during meiosis. This can result in oocytes with different mtDNA mutation loads, which can lead to children with different degrees of mitochondrial dysfunction. 18 Clinical disease is highly influenced by mtDNA heteroplasmy, which is a dynamic phenomenon. The level of heteroplasmy may vary considerably from tissue to tissue or even from cell to cell. 19 Threshold effects also influence the penetrance of heteroplasmic mutations. 20 Mitochondrial disease commonly presents with a combination of muscle and brain involvement. Both tissues are post-mitotic and have high metabolic requirements, which may explain why they are frequently affected. Other organs may be involved depending on the proportion of mutated mtDNA present and their individual threshold for the mutation. Consequently management and prevention of mtDNA diseases has lagged far behind the understanding of their cause. 21 Substitution of the mutated mtDNA by wild-type mtDNA would be a powerful therapeutic option to change mtDNA heteroplasmy. To achieve this goal, we have pursued the removal of mutated mtDNA by mitochondria-targeted endonucleases.
A group of diseases that is amenable to this approach is the one caused by the m.8993T4G MT-ATP6 mutation. This mtDNA mutation has been associated with Leigh or NARP (neuropathy, ataxia and retinitis pigmentosa) syndromes, which are part of a continuum of progressive neurodegenerative disorders. The mutation creates a unique XmaI site in the mtDNA of patients that could be a suitable target for the restriction endonuclease treatment. 8 Muscle weakness is commonly observed in patients with NARP, 22 but to address the CNS involvement would likely require combination treatment with other vectors. However, as described below the development of endonucleases with new specificities will be crucial to expand the approach to other pathogenic mtDNA mutations.
rAAV9 for systemic skeletal muscle transduction in mitochondrial myopathies Gene therapy for mitochondrial myopathies requires transduction of all skeletal muscles in the body. To achieve the goal of systemic skeletal muscle transduction, we delivered AAV serotype 9 (AAV9) vectors via IP or TV injection. Robust transduction of the skeletal muscle and heart has been described in mice after delivery of AAV9 vectors. 16, 17, 23 We achieved high levels of expression of AAV9 transgenes in skeletal muscle as rapidly as 6 weeks, with long-term expression until 24 weeks post-delivery. In concordance with the above reports, we also obtained efficient transduction of the heart at 6 weeks post-delivery. Our results are consistent with those published by Ghosh et al., 17 in that AAV9 targeted the striated muscle; however, we did not detect any signs of expression in the lung. Our pattern of expression in neonates was very similar to the preferential tropism of AAV9 described by Zincarelli et al., 24 where high levels of luciferase expression were observed mainly in skeletal muscles and remained strong 9 months after IV (tail vein) injection. We observed very few cells transduced in liver compared with their reports of high expression. However, our results are consistent with the findings of Bostick et al., where the liver, aorta and kidney were preferentially transduced in adult mice, but not in neonates, demonstrating that systemic transduction of AAV9 in mice is influenced by age but not the route of administration. 25 Despite the apparent low, but clearly detectable expression of mito-ApaLI in liver, IP and TV injection of AAV9[mito-ApaLI-HA] induced a shift in mtDNA heteroplasmy, showing that these low levels of expression may be enough to promote a partial shift in mtDNA heteroplasmy in liver. This robust change may be due to the fact that liver has a natural tendency to increase NZB mtDNA levels, and may not apply to any mtDNA polymorphism. We could not detect expression in the brain, although Foust et al. described an apparent tropism of AAV9 for motor neurons, especially those within the spinal cord, in neonates. 26 This discrepancy may be due to the use of the b-actin promoter in the study, whereas we used a cytomegalovirus promoter. We did not find any difference in the pattern of expression between IP and TV injection. IP administration was previously shown to be an efficient route used for gene transfer of rAAV in neonates. 27 Although the high titers required for in vivo transduction and the current viral production techniques limited the number of mice analyzed, all the mice used in this study showed essentially identical dramatic shifts in mtDNA heteroplasmy toward the NZB mtDNA, providing unambiguous proof that it is possible to affect mtDNA heteroplasmy in neonate's muscle after a single systemic injection of rAAV9, expressing a mitochondria-targeted restriction endonuclease.
Treating mitochondrial myopathies in neonates
We decided to test our approach in newborn mice to investigate the feasibility of targeting muscle mtDNA at a young age. Our results showed high expression of the transgene as early as 6 weeks, and no evidence of associated pathology was observed in the mice at any studied time point. It has been shown that AAV2 preferentially transduces slow-twitch muscle fibers, whereas AAV6 transduces both slow-and fast-twitch fiber types efficiently. 28 --30 It is not clear whether AAV9 displays a fiber type preference. 25 Although we observed weaker AP staining in muscles with predominant low-twitch fibers (for example, soleus), as previously described, 25 we did not observe differences in the increases in NZB mtDNA levels in any of the different skeletal muscles analyzed.
Prenatal diagnosis of mtDNA mutations has been accomplished. 3, 31 Therefore, mito-restriction endonuclease approach could be used in patients affected by mtDNA mutations with disease onset in childhood or young adulthood that can be diagnosed before birth. AAV9 mito-ApaLI promoted efficient shift in mtDNA heteroplasmy in all skeletal muscles A small shift in mtDNA heteroplasmy would typically be enough to restore OXPHOS function in most tissues, as the threshold for a biochemical manifestation of a mtDNA mutation is typically 480% mutant, o20% wild-type. 32 In our experiments, we observed increases in the percentage of NZB mtDNA to 460%, as early as 6 weeks after injection that persisted for the duration of our experiment (24 weeks). Thus, the heteroplasmy shift we induced would correspond to a reduction in 'undesired' mtDNA loads to o40%, well below the threshold levels for mitochondrial myopathy observed in patients. Because of the limited numbers of mice used, we could not do an extensive analysis of the effect of the initial heteroplasmy on the change, but it was clear that even very low levels of resistant mtDNA would be amplified by this procedure. Sequencing through the mitochondrial ApaLI restriction site in similar studies has previously confirmed that observed heteroplasmy shift is not due to cleavage-induced mutations. 10 The highest percentage heteroplasmy change was observed in mice with low levels of NZB mtDNA before AAV9[mito-ApaLI-HA] administration. However, as we analyzed only few mice, we cannot be certain that this pattern of heteroplasmy change will be consistent.
No mtDNA depletion was observed after AAV-9 mito-ApaLI transduction The degree and efficiency of mtDNA heteroplasmy shift depends on the presence of a residual population of undigested mtDNA. One concern related to this approach is the risk of inducing mtDNA depletion. 9 In the cases where the overall mutant load is very high, the wild-type levels would have to increase rapidly to compensate for the loss of mutant mtDNA and OXPHOS restore function. This was the case in our experiments as the initial level of BALB/c the target of ApaLI was 480% in most of the mice analyzed. We could not detect mtDNA depletion at any time point. Moreover, we did not detect any change in behavior of treated mice.
Prospects
Among potential therapies to treat mitochondrial diseases caused by mtDNA mutations, reducing mutant load through endonuclease-mediated heteroplasmy shift is arguably one of the most promising approaches. It has proven to be efficient and safe in our mouse models. There are few rodent models heteroplasmic for pathogenic mtDNA mutations, making it difficult to model mitochondrial gene therapies in vivo. 2 However, it is well established that the biochemical phenotype is directly related to the mutant mtDNA load in cells, 33 and we have been able to induce considerable changes in heteroplasmy in muscle following systemic injection of AAV9[mito-ApaLI-HA]. The use of bacterial restriction nucleases is limited by the requirement that a unique site must be created by the mutation, however, zinc-finger nucleases have been designed to target mtDNA mutations, 34 and we and others are trying to take advantage of these new approaches to expand the tools for clinical applications. In theory, any DNA sequence can be specifically targeted by modular zinc finger nucleases. 35 The lack of deleterious side-effects in our experiments with rAAV9 together with the efficient systemic muscle delivery is encouraging and provides a basis for future work on therapies for mitochondrial myopathies caused by heteroplasmic mtDNA mutations.
MATERIALS AND METHODS

Mito-ApaLI-HA constructs
A synthetic gene coding for the ApaLI RE with a C-terminal HA (Hemagglutinin antigen) tag was purchased from Integrated DNA Technologies (Coralville, IA, USA) with codon usage optimized for mammalian translation. An N-terminal mitochondrial import signal derived from COX8A was added, and the resulting construct was cloned into a cis plasmid for the AAV9 backbone vector under the control of the cytomegalovirus promoter. The polyadenylation sequence was from the human growth hormone gene. The cis plasmid for AAV9-AP (alkaline phosphatase) has been reported before. 17 Recombinant AAV9 stock was produced using a triple plasmid transfection protocol followed by two rounds of isopycnic ultracentrifugation in calcium chloride gradient, as described previously. 17 
Heteroplasmy analysis
Total DNA from tissue samples was obtained after phenol-chloroform extraction. mtDNA heteroplasmy was determined by 'Last-cycle hot' PCR 37 using mouse mtDNA primers (5228 --5250; 5665 --5690). The PCR product was digested with ApaLI, which digests BALB/c mtDNA at position 5461 and subjected to electrophoreses in an 8% polyacrylamide gel. 6 The radioactive signal was quantified using a Cyclone phosphorimaging system (Perkin-Elmer, Waltham, MA, USA), as described. 9 Western blotting Fifty mg of total protein from tissue homogenates was electrophoresed using 4 --20% Tris-HCl polyacrylamide gels (Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose membranes (Bio-Rad). Rat anti-HA antibody obtained from Roche Biochemicals and a donkey anti-rat IgG IRDye 800conjugated secondary antibody from Rockland (Gilbertsville, PA, USA) were used. Odyssey Infrared Imaging System (LI-COR) was used to scan the blots. A polyclonal anti-actin antibody (Sigma, St Louis, MO, USA) was used as loading control throughout.
Colorimetric and immunohistochemical studies NZB/BALB/c mouse hepatocytes were plated onto coverslips and infected with 1 Â 10 3 vgs per cell of AAV9[mito-ApaLI-HA] for 10 days. Cells were then incubated for 30 min at 37 1C with 200 nM Mito Tracker Red CMXRos (Invitrogen, Carlsbad, CA, USA) and fixed with 2% paraformaldehyde in PBS for 20 min. After a brief treatment with methanol (5 min), a primary anti-HA antibody (Roche) in 2% bovine serum albumin (BSA)/PBS was left overnight at 4 1C followed by 2 h incubation at room temperature with an Alexa Fluor 488-conjugated secondary antibody (Molecular Probes, Invitrogen, Carlsbad, CA, USA). Images were recorded using a confocal microscope LSM510 from Carl Zeiss. Tissue samples were fixed in 4% paraformaldehyde and cryopreserved using 30% sucrose in PBS before freezing in liquid nitrogen-cooled isopentane and stored at À80 1C. For alkaline phosphatase staining, samples were sectioned using a cryostat (20 mm) and mounted on Superfrost Plus microscope slides (Thermo Fisher Scientific, Walthan, MA, USA). Slices were fixed in 4% paraformaldehyde, rinsed in cold PBS and pre-heated for 90 min in PBS at 67 1C to eliminate the endogenous heat sensitive alkaline phosphatase. Chromogenic staining was achieved by incubation with an NBT/BCIP solution (Sigma-Aldrich, St Louis, MO, USA). Samples for immunofluorescence were treated with 0.5% Triton X-100, followed by PBS with 2% BSA for 30 min and then stained using anti-HA and DAPI for nuclei staining. 10 Quantitative PCR Total DNA was extracted from snap-frozen tissues, as described above, and treated with RNAase A at 37 1C for 30 min (1 ml per 10 mg DNA) followed by sodium acetate and ethanol precipitation. Quantitative PCR reactions were performed on the DNA samples in the presence of fluorescent dye (SYBR Green, Fermentas) using mouse ND1 and b-actin or GAPDH primers and DDCT values were calculated. ND1 3281F: 5 0 -CAGCCTGACCCATAGCCATA-3 0 , ND1 3364B: 5 0 -ATTCTCCTTCTGTCAGGTCGAA-3 0 . b-actin Exon 6F: 5 0 -GCGCAAGTACTCTGTGTGGA-3 0 , b-actin Exon 6B: 5 0 -CATCGTACTCCTGCTTGCTG-3 0 GAPDH Exon 5F: 5 0 -GCAGTGGCAAAGTGGAGATT-3 0 GAPDH Exon 5B: 5 0 -GAATTTGCCGTGAGTGGAGT-3 0
